Summary -Because the quantity of nematode specimens available for molecular analysis is often limited, the number of analyses possible is constrained by the availability of DNA. Multiple displacement amplification (MDA) was assessed for whole genome amplification of crude DNA from several Meloidogyne species. MDA produced microgram quantities of template that resulted in successful amplification of the ribosomal internal transcribed spacer (ITS1) and 28S D2-D3 expansion regions, producing PCR results that were comparable to template generated by the single nematode smash method. MDA greatly improved degenerate primer PCR of single-copy Hsp90, a gene which is more sensitive than multi-copy ribosomal genes to limited DNA template. MDA should expand the number of molecular analyses possible for single nematodes. MDA will also be useful for archiving DNA from valuable specimens and provide a way for laboratories to share identical genetic material for nematode diagnosis.
With international trade on the increase and the heightened awareness of global pathogen spread, there comes an urgent need for ways to monitor quickly and accurately the movement of nematodes of agricultural concern. Root-knot nematodes (Meloidogyne species) attack a wide range of crops and are known to cause serious economic damage throughout the world. The absence of accurate diagnostic tests sensitive enough to distinguish root-knot nematodes from one another hinders efforts to control the spread of highly damaging or invasive species.
Morphological identification of nematodes (see review by Eisenback and Triantaphyllou, 1991) provides a critical line of defence in preventing the introduction of new nematode pests, but a great deal of skill and expertise is required for effective interpretation of the subtle variations that often occur among individuals in a population. Molecular methods useful for distinguishing Meloidogyne spp. include isozyme analysis (Esbenshade & Triantaphyllou, 1985) , RAPDs (Cenis, 1993; Baum et al., 1994; Blok et al., 1997a) , PCR-RFLPs (Harris et al., 1990; Powers & Harris, 1993; Hugall et al., 1994) and sequence differ- * Corresponding author, e-mail: skantara@ba.ars.usda.gov ences within ribosomal (Zijlstra et al., 1995 (Zijlstra et al., , 1997 Blok et al., 1997b; Wishart et al., 2002; Chen et al., 2003) or mitochondrial DNA . Some molecular diagnostic tests are straightforward to perform but limited in capacity to discriminate species; others are specific but more time consuming to perform. While new assays based upon single copy genes would be welcome additions to plant-parasitic nematode diagnostics and phylogeny, only a few have been introduced, including RNA polymerase II , major sperm protein (MSP) (Setterquist et al., 1996) and Hsp70 (Beckenbach et al., 1992; Hashmi et al., 1997) . A technical barrier to such developments is imposed by the small size of many plant-parasitic nematode juveniles, which severely limits the amount of genetic material available for testing. DNA extracted from the popular 'single nematode smash' procedure (Powers & Harris, 1993 ) is often consumed entirely by a single PCR reaction, preventing the replication of results or the ability to perform more than one assay upon an individual. Using pools of nematodes alleviates the limit on available DNA and allows PCR reactions to be replicated, but con-strains the ability to address questions involving intraspecific variation.
Within the past decade, a number of methods have been developed for whole genome amplification (WGA) from limited amounts of starting material (reviewed in Lasken and Egholm, 2003) . These advances promise, by producing vast quantities of genomic DNA from minimal starting material, to revolutionise the development of novel molecular diagnostics for rare biological specimens. Multiple displacement amplification (MDA) is a non-PCR method developed by Dean et al. (2001 Dean et al. ( , 2002 which includes the bacteriophage φ29 DNA polymerase and exonuclease-resistant, thiophosphate-modified, degenerate hexamers to amplify genomic DNA from crude or pure sources. Unlike PCR methods that employ thermostable DNA polymerases, φ29 DNA polymerase replicates DNA at a constant temperature of 30
• C. The major advantages attributed to MDA compared to PCR-based methods include more complete genome coverage and unbiased amplification (Dean et al., 2002) . The high fidelity and accuracy of MDA has been established in genotyping and SSCP mutation assays of human DNA samples that varied in quality and GC content (Yan et al., 2004) . Evaluation of single nucleotide polymorphisms (SNPs) performed on MDA from clinical specimens revealed 99.82% complete genome representation and a direct sequencing error rate similar to that of unamplified genomic DNA (Paez et al., 2004) . While MDA has recently been applied to other microbes (Gorrochotegui-Escalante & Black, 2003; Jeyaprakash & Hoy, 2004) , it has not yet been tested for nematodes.
Recently, we introduced Hsp90 as a new molecule for nematode phylogeny (Skantar & Carta, 2005) . Because Hsp90 is single copy in nematodes (Birnby et al., 2000; Skantar & Carta, 2005; Scholl & Bird, pers. comm.) , successful amplification of this gene from uncharacterised specimens is highly dependent upon the quantity and quality of DNA template. The aim of this study was to facilitate Hsp90 amplification from a limited number of specimens available for nematode molecular diagnostics. Our first objective was to assess the PCR performance of MDA DNA template relative to DNA obtained by a crude extraction method widely used in plantparasitic nematology (Powers & Harris, 1993) . The second objective was to employ MDA DNA for the improvement of Hsp90 amplification from root-knot nematodes.
Materials and methods

NEMATODE ISOLATES
The present study consisted of seven root-knot nematode species that had previously been verified by morphology, morphometrics and molecular characters. Thomas et al. (1997) , and then stored in PCR tubes at −80
• C. Extracts were prepared from thawed pools by incubating the tubes at 60
• C for 60 min, followed by 95
• C for 15 min to deactivate the proteinase K. Extracts were stored at −20
• C when not in use.
MULTIPLE DISPLACEMENT AMPLIFICATIONS
The Genomiphi (MDA) kit (Amersham, Piscataway, NJ, USA) was used for multiple displacement amplification of nematode DNA according to the manufacturer's instructions. Genomiphi reactions were performed using crude extract (CE) from single or pooled nematodes as described above. In each case, reactions containing 1 µl nematode CE was combined with 9 µl sample buffer, heated to 95
• C for 3 min, then chilled at 4 • C. To each tube, 9 µl of reaction buffer and 1 µl Genomiphi enzyme mix were added and the reactions incubated at 30
• C for 16 h. The amplified genomic DNA was ethanol precipitated according to the kit manufacturer's recommendations and resuspended in 20 µl 10 mM Tris, pH 8.0. DNA preparations were stored at −20
• C and used for PCR reactions as described below.
PCR REACTIONS
All PCR reactions contained Eppendorf HotMasterTaq (Brinkmann, Westbury, NY, USA) and the buffer supplied by the manufacturer; all other components were added in the proportions described in the protocols for each gene. DNA templates for each experiment included 5, 2, 1, 0.5 or 0.1 µl CE or 2, 1, 0.5, 0.1 or 0.01 µl MDA DNA, with volumes less than 1 µl generated by serial dilution. In addition, no-template control reactions were routinely performed. All PCR primers were synthesised by Sigma-Genosys (The Woodlands, TX, USA). The nuclear ribosomal internal transcribed spacer (ITS1) segment was amplified with the primers rDNA2 5 -TTGATTACGTC-CCTGCCCTTT-3 (Vrain et al., 1992) and rDNA1.58S 5 -ACGAGCCGAGTGATCCACCG-3 as described previously (Cherry et al., 1997) . The ribosomal LSU D2-D3 expansion segment was amplified with primers D2A 5 -ACAAGTACCGTGAGGGAAAGTTG-3 and D3B 5 -TCGGAAGGAACCAGCTACTA-3 (Courtright et al., 2000) as previously described (Al-Banna et al., 1997) . The Hsp90 primers M3F 5 -GCGTCGYATTCGTGAA-GTGG-3 and M2R 5 -ATGGGCTTTGTCTTGTTMAR-CTCTT-3 were based upon an alignment of root-knot nematode Hsp90 sequences (Skantar, unpubl.) . Each 25 µl Hsp90 PCR reaction contained 500 µM of primers M3F and M2R, 200 µM each dNTP, plus 1 unit Taq polymerase and the indicated amount of template DNA. PCR reactions were incubated at 94
• C for 2 min, followed by 45 cycles of 94
• C for 20 s, 58
• C for 30 s, and 68
• C for 30 s, with a final step of 68
• C for 5 min. The second set of Hsp90 primers, U831B 5 -AAYAARACMAAGCCNA-TYTGGAC-3 and L1110B 5 -TCGCARTTCTCCATR-ATCAA-3 , were similar to primers described previously (Skantar & Carta, 2000) , which were based upon an alignment of Caenorhabditis elegans, Brugia pahangi, zebrafish, salmon, mouse, and human sequences. Each 25 µl PCR reaction contained 500 µM of each of U831B and L1110B, 200 µM dNTPs, 1 unit Taq polymerase, and the indicated amount of template DNA. PCR reactions were incubated using a modified ramped annealing PCR (Skantar & Carta, 2000) : 94
• C for 20 s, 65
• C for 5 s, 60
• C for 5 s, 55
• C for 5 s, 50
• C for 5 s and 68
• C for 1 min, and finishing with a 15 min step at 68
• C. For all genes examined, 12.5 µl of each PCR reaction was separated on 1% agarose gels in Tris-Acetate-EDTA (TAE), stained with ethidium bromide, and visualised with UV illumination.
Results
The initial goal was to assess the PCR performance of MDA DNA compared to DNA prepared by the 'nematode smash' method that is commonly used for identification and phylogenetic studies. Successful amplification of Hsp90 is more sensitive to the amount of input genomic DNA than amplification of the ribosomal genes, which are present in the genome in multiple copies. Therefore, it was necessary to use extracts from pools of nematodes in order to raise the level of Hsp90 target template so 10, 8, 6, 5, 4, 3, 2, 1.5, 1.0, and 0.5 that side-by-side comparisons CE and MDA PCR results could be performed. To simplify the overall analysis and comparisons of results with different genes, pooled extracts of nine J2 nematodes were employed for all of the genes tested.
One µl of the pooled extract was subjected to multiple displacement amplification and then purified by ethanol precipitation. MDA typically produced microgram quantities of genomic DNA, ranging in size from 0.5-12 kb (Fig. 1) . A wide range of template concentrations was examined in order to compare the quantity and quality of PCR products produced. CE DNA was tested over a 50-fold range of DNA concentrations and MDA DNA was tested over a 200-fold range (Fig. 2) . For M. arenaria, M. incognita, and M. javanica, the expected ca 750 bp ITS1 PCR products were observed at or above 0.5 µl CE template and at all levels of MDA DNA. For M. hapla, 1-5 µl CE gave detectable PCR products, but lower levels did not. The M. hapla MDA reactions gave rise to the expected product at all DNA amounts through 0.1 µl, except for the lowest amount, 0.01 µl. However, two other larger products were also observed.
Another experiment using the same template preparations involved amplification of the LSU D2-D3 expansion segments of rDNA (Fig. 3) . For M. arenaria, M. incognita and M. javanica, the expected ca 800 bp product was generated at most CE levels except the lowest, although 1517 , 1200 , 1000 . the reactions at each DNA concentration did not generate as much D2-D3 product as ITS1 product. The MDA reactions were stronger over the range of DNA concentrations tested than those containing CE. For M. hapla, the CE reactions failed to generate any products. The major MDA D2-D3 PCR product was smaller than for the other rootknot nematodes (ca 650 bp); an additional band at ca 400 bp was also observed.
Fig. 3. Comparison of ribosomal 28S D2-D3 expansion segments amplified from four different root-knot nematodes. DNA templates were either crude extracts (CE) from pools of nine nematodes or MDA DNA generated from 1 µl (1/50th volume) of the same pooled CE. Agarose gel electrophoresis of PCR products produced from Meloidogyne arenaria, M. incognita, M. javanica and M. hapla. Numbers below represent the amount of template DNA added to 25 µl PCR reactions. Arrows denote position of expected PCR products. M = 100 bp ladder, with fragment sizes
A similar side-by-side comparison of CE and MDA dilution series using the U831/L1110 primer pair was not possible due to the poor amplification of Hsp90 with less than 10 µl CE (not shown). Thus, the root-knot nematode-specific Hsp90 primers, M3F and M2R, were used for this purpose (Fig. 4) . With these primers, CE template from most of the root-knot nematodes showed strong amplification of the expected ca 300 bp Hsp90 PCR products. However, the M. hapla CE reactions were relatively weaker than the other species reactions at low levels of DNA (Fig. 5) . MDA DNA from all four species produced strong PCR bands over the entire 200-fold range of template DNA added.
Fig. 5. Comparison of Hsp90 amplified from four different root-knot nematodes. PCR reactions of 25 µl included primers M3F and M2R and DNA template from either crude nematode extracts (CE) or multiple displacement amplification (MDA). Agarose gel electrophoresis of PCR products produced from
The next experiment involved an examination of Hsp90 fragments produced with MDA DNA and the U831B and L1110B primers. MDA DNA was generated from CE prepared from one, two, or nine J2 of several root-knot nematode species. The number of nematodes in a given species pool was purely incidental, reflecting the sometimes limited material obtained as interceptions. Meloidogyne arenaria, M. incognita, M. javanica and M. hapla were all included because of their worldwide distribution and importance to agriculture. Three other species of regulatory importance, M. mayaguensis, M. floridensis and M. chitwoodi, were also tested. Strong Hsp90 amplification was observed in all of the MDA reactions (Fig. 6) . Two Hsp90 PCR products of slightly different size were detected for M. incognita, but single bands were visible for all other species, with small differences in migration distance apparent for some of them.
Discussion
We have demonstrated that MDA is an effective method of WGA for several species of root-knot nematode, which further suggests that this method will have broad applicability in nematode molecular systematics and identification. MDA produced robust amounts of genomic DNA regardless of the number of nematodes in the crude extract, and worked equally well with mechanically disrupted juveniles and females. MDA from single M. chitwoodi females produced micrograms of genomic DNA from as little as 5% of the crude extracts and similar yields were obtained from pools of two to nine juveniles. Because successful PCR was achieved with as low as 0.01 µl MDA DNA, we estimate that crude extracts subjected to MDA can produce sufficient template for as many as 10 000 to 40 000 PCR reactions, depending upon the number, size, and stage of nematodes in the starting material, and the gene being amplified. We did not attempt MDA with less than 1 µl CE, but it is possible that using lower amounts of input CE could extend this estimate even further. The presence of non-DNA contaminants within crude nematode extracts prevented accurate measurements of their DNA concentrations, so it was not possible to directly equate concentrations of CE and MDA genomic DNA. Nevertheless, these experiments provide a practical comparison of PCR results using MDA-produced genomic DNA and the nematode CE volumes typically employed.
The ribosomal internal transcribed spacer ITS1 and the LSU D2-D3 expansion regions are two readily amplified ribosomal genes that have been previously examined from root-knot nematodes (Powers & Harris, 1993; Chen et al., 2003) , thus providing an established experimental context in which to evaluate template produced by MDA. The sizes of ITS1 PCR products amplified from MDA DNA were consistent with those reported previously . For most root-knot species, both CE and MDA templates produced strong bands at all DNA concentrations tested (Fig. 2) . As low as 0.01 µl MDA DNA produced strong ITS1 products that were comparable to or greater than the signals resulting from 0.5 µl nematode CE. The exception was M. hapla, which produced a relatively strong ITS1 signal from 5 µl CE DNA that gradually disappeared at lower levels of CE. While high levels of MDA DNA from M. hapla produced strong bands at the expected size (ca 450 bp), lower amounts of template produced additional bands at ca 600 and ca 800 bp. The identity of these products is unclear; they could be an artefact of MDA amplification, result from mispriming in the rDNA, or may indicate that the crude DNA preparation used for MDA of M. hapla was of lesser quality than for the other nematodes.
The results from the D2-D3 comparison generally gave similar results to the ITS1, although the signal strengths of the D2-D3 products were lower overall (Fig. 3) . Some of the CE PCR reactions were higher or lower than expected for serial dilutions of the DNA. It is likely these data points resulted from pipetting errors ( Fig. 3; M. incognita and M. javanica, 1 µl CE). Again, the M. hapla CE and MDA results were not as robust as those from the other nematodes. CE reactions gave no products and MDA templates produced a smaller band in addition to the ca 600 bp D2-D3 band. These reactions were performed with the same CE and MDA DNA as for ITS1, indicating that both genes in M. hapla were affected similarly. As with any method involving DNA polymerase activity that replicates input DNA without bias, MDA results can be affected by contamination. Therefore, nematodes used for MDA should be prepared with care to ensure they are free from microbial contamination. The precise reason for the lower quality PCR results with M. hapla is not clear but, as a cautionary measure, fresh nematode CE and MDA DNA were prepared for the next set of experiments.
The M3F/M2R Hsp90 reactions were successful for all concentrations of CE and MDA for all nematodes (Fig. 5) , with the exception of the lowest CE levels for M. hapla, and the 0.5 µl CE point for M. javanica. M3F (twofold degenerate) and M2R (four-fold) were designed to amplify Hsp90 within the genus Meloidogyne, with the initial aim of developing this fragment as a diagnostic marker. While the PCR procedure was straightforward, we discovered no apparent size variation in this fragment among the root-knot nematodes (Fig. 5) and a low level of sequence variation among the mitotic parthenogens (data not shown), thus limiting its diagnostic potential for the genus. However, increasing the degeneracy of primers M3F and M2R may yet prove useful for examining variation across a broader range of nematode taxa.
The U831B/L1110B Hsp90 fragment was of interest because significant sequence variation in this region had been previously detected among several root-knot nematode species (Skantar & Carta, 2005) . This variability is apparent in the slightly different sizes of PCR products (Fig. 6) , such as the slower-migrating band for M. incognita and the slightly faster migrating bands for M. arenaria and M. hapla. U831B and L1110B are less degenerate modifications (24-fold and four-fold, respectively) of a previous primer set (Skantar & Carta, 2000) . However, even with increased specificity, these primers sometimes required two cycles of amplification to produce strong PCR products from the extracts of single nematodes (Skantar & Carta, 2005) . The benefit of MDA for amplification of Hsp90 with these degenerate primers was reflected in the strong products obtained from a single round of PCR. It is likely that adding more genomic DNA increased the number of productive interactions between the degenerate primers and the target gene, leading to higher product yield. Raising the level of crude nematode extracts in Hsp90 PCR reactions generally does not achieve the same advantage (data not shown), as high levels of impure extract may contribute an excess of PCRinhibiting contaminants. While genomic DNA preparations from bulk quantities of nematodes also give strong Hsp90 PCR products (data not shown), preparing them requires significantly more nematodes, time, and labour than MDA.
The technical improvements shown here should significantly broaden the appeal of Hsp90 and open the door for analysis of other single-copy genes for nematode identification and phylogenetics. The combination of MDA and degenerate primers will facilitate future surveys of Hsp90 across the phylum Nematoda. On a finer scale, with MDA it will be possible to address questions about Hsp90 allelic variation within and among individuals in a population. Whether Hsp90 sequences can be used to develop reliable diagnostics for the major root-knot nematodes or for species of regulatory importance remains to be validated through the examination of multiple populations of these species.
The potential applications of MDA to nematode identification and systematics are far reaching. For instance, with MDA it should be possible to archive the genetic material from individual nematodes, thereby eliminating the need for more labour-intensive culture methods, such as propagating single egg-mass cultures (Hugall et al., 1999) . MDA could facilitate the development and production of DNA 'type specimens' that may be shared among scientists. Thus, it would be possible to generate a set of DNA standards that could be widely distributed, providing a practical tool for greater uniformity in nematode molecular diagnostics. Another possible advance resulting from MDA is the ability to archive large quantities of genetic material from rare, difficult-to-maintain, or historically valuable specimens. It will now be feasible to perform morphological analysis on a specimen, catalogue its unique features in a digital archive (De Ley & Bert, 2002) , and with MDA produce a corresponding genetic archive. Also, MDA provides an attractive alternative to the international or intrastate exchange of live specimens, a practice that presents a number of regulatory challenges and restrictions.
